A Publication of The Association of Bone and Joint Surgeons® polymethylmethacrylate (22.8% ± 20.2%), and polyethylene (14.7% ± 10.4%). We found that tolerance was a phenotypic phenomenon, because increasing cefazolin exposure did not result in changes in MIC as compared with controls (MIC in controls: 0.13 ± 0.02; at 0.5 lg/mL: 0.13 ± 0.001, p = 0.96; at 1.0 lg/m: 0.14 ± 0.04, p = 0.95; at 10.0 lg/m: 0.11 ± 0.016, p = 0.47; at 100.0 lg/m: 0.94 ± 0.047, p = 0.47). Expression of yoeB after 1 lg/mL cefazolin for 3 hours in biofilm cells was greater in biofilm but not in planktonic cells (biofilm: 62.3-fold change, planktonic cells: À78.8-fold change, p \ 0.001). Conclusions Antibiotics are inadequate at complete removal of the biofilm from the surface of TKA materials. Results suggest that bacterial persisters are responsible for this phenotypic behavior allowing biofilm high tolerance to antibiotics. Clinical Relevance Antibiotic-tolerant biofilm suggests a mechanism behind the poor results in irrigation and débridement for acute TKA PJI.
Abstract
Background The continued presence of biofilm may be one cause of the high risk of failure observed with irrigation and débridement with component retention in acute periprosthetic joint infection (PJI). There is a poor understanding of the role of biofilm antibiotic tolerance in PJI. Questions/purposes (1) Do increasing doses of cefazolin result in decreased viable biofilm mass on arthroplasty materials? (2) Is cefazolin resistance phenotypic or genotypic? (3) Is biofilm viability a function of biofilm depth after treatment with cefazolin? (4) Is the toxin-antitoxin system, yoeB expression, associated with antibiotic stress?
Methods Methicillin-sensitive Staphylococcus aureus biofilm was cultured on total knee arthroplasty (TKA) materials and exposed to increasing doses of cefazolin (control, 0.5, 1.0, 10.0, 100.0 lg/mL). Quantitative confocal microscopy and quantitative culture were used to measure viable biofilm cell density. To determine if cefazolin resistance was phenotypic or genotypic, we measured minimum inhibitory concentration (MIC) after exposure to different cefazolin concentrations; changes in MIC would suggest genotypic features, whereas unchanged MIC would suggest phenotypic behavior. Finally, quantitative reverse transcription-polymerase chain reaction was used to quantify expression of yoeB levels between biofilm and planktonic bacteria after exposure to 1 lg/mL cefazolin for 3 hours. Results Although live biofilm mass was reduced by exposure to cefazolin when compared with biofilm mass in controls (39.2 9 10 3 ± 26.4 9 10 3 pixels), where the level after 0.5 lg/mL exposure also showed reduced mass (20.3 9 10 3 ± 11.9 9 10 3 pixels), no further reduction was seen after higher doses (mass at 1.0 lg/mL: 5.0 9 10 3 pixels ± 1.1 9 10 3 pixels; at 10.0 lg/mL: 6.4 9 10 3 ± 9.6 9 10 3 pixels; at 100.0 lg/mL: 6.4 9 10 3 ± 3.9 9 10 3 ). At the highest concentration tested (100 lg/ mL), residual viable biofilm was present on all three materials, and there were no differences in percent biofilm survival among cobalt-chromium (18.5% ± 15.1%),
Introduction
The high failure rate of irrigation and débridement in periprosthetic joint infection (PJI) suggests that biofilm has a high tolerance to antibiotics [3, 4, 7, 11, 14, 15, 19, 20, 23, 32] . Bacterial persisters are defined as a subpopulation present in bacterial species that have a phenotypically high tolerance to antibiotics secondary to an absence of metabolism after an environmental stress [1] . Persisters are less sensitive to antibiotics because the bacteria are not undergoing cellular activities that antibiotics can corrupt, resulting in tolerance to the antibiotics. Bacterial persisters are thought to be regulated by a series of toxin-antitoxin systems, including yoeB. Toxin-antitoxin systems consist of a toxin that disrupts an essential cellular process (translation through ribonuclease, dephosphorylation, etc) and a labile antitoxin that prevents toxin activation. In a subpopulation of the biofilm, when a bacterial cell encounters a stress, ie, antibiotics, the antitoxin is triggered to disassemble using a variety of mechanisms, and the toxin becomes activated to disrupt an essential bacterial metabolic process, inducing a state of dormancy [9, 12, 30] . After antibiotics are removed, the antitoxin binds the toxin allowing metabolic processes to resume and the sensitivity to its normal antibiotic spectrum to return. This has been hypothesized to explain the remarkable resilience of biofilms after treatment with antibiotics and is believed to serve an important role in chronic infections [30, 33] .
There is a poor understanding of the role of bacterial persisters and biofilm antibiotic tolerance in PJI. This tolerance may be conferred as a result of the decreased efficacy of antibiotics on bacterial persisters in the biofilm, developed antibiotic genetic resistance by the bacteria, or the extracellular polymeric substance preventing diffusion of the antibiotic through the biofilm [12, 16] .
We therefore asked: (1) Do increasing doses of cefazolin result in decreased viable biofilm mass on arthroplasty materials? (2) Is cefazolin resistance phenotypic or genotypic? (3) Is biofilm viability a function of biofilm depth after treatment with cefazolin? (4) Is the toxin-antitoxin system, yoeB, expression associated with antibiotic stress?
Materials and Methods

Coupon Fabrication
To establish an in vitro biofilm model, coupons, samples of the arthroplasty material fashioned into disks with an approximate area of 1 cm 2 , of cobalt-chrome, polymethylmethacrylate (PMMA), and polyethylene were prepared. Surfaces of cobalt-chrome alloy coupons were prepared to have smoothness to unused TKA implants. Surfaces underwent grinding, lapping, and polishing, and surface roughness measurements were taken using an Ambios (Santa Cruz, CA, USA) Xi-100 noncontact (interferometer type) profiler with Ambios Image Studio software. The maximum vertical resolution of the Xi-100 profiler was 0.2 nm, which was sufficient for accurately assessing orthopaedic joint replacement metallic bearing surfaces' average roughness and maximum peak-to-valley distance per American Society for Testing and Materials standard (ASTM F2083) [2] . PMMA coupons were fashioned from medium-viscosity bone cement (SmartSet; DePuy Orthopaedics, Warsaw, IN, USA) without the addition of antibiotics in molds to match the dimensions of the cobalt-chrome coupons. Polyethylene patella implants (Sigma oval domed patella single peg; DePuy Orthopaedics) of similar dimensions were used for the polyethylene coupons.
Biofilm Culture and Antibiotic Exposure
To determine if increasing doses of cefazolin result in decreased viable biofilm mass on arthroplasty materials, biofilm mass with increasing doses of cefazolin was measured. A methicillin-sensitive strain of Staphylococcus aureus (ATCC 29213) was used for biofilm growth. Experiments were completed on three coupons in triplicate. Cobalt-chrome metal, PMMA, and polyethylene were inoculated with S aureus with an optical density of 0.1 at 660 nm. Biofilms were cultured in tryptic soy broth media for 24 hours in an agitating water bath (37°C, 30 RPM).
After biofilm culture, coupons were gently washed three times in sterile phosphate-buffered saline (PBS) and placed in fresh tryptic soy media with doses of 0, 0.5, 1, 10, or 100 lg/mL cefazolin. Doses of cefazolin were selected to be above the minimum inhibitory concentration (MIC), 10 9 MIC, and 100 9 MIC. Submerged coupons were exposed to cefazolin for 3 hours in an agitating water bath (37°C, 30 RPM). After the cefazolin exposure, coupons were washed three additional times in PBS before staining.
Confocal Microscopy
To assess biofilm mass and viability as a function of biofilm depth, confocal microscopy was used to quantify viable biofilm mass and viable bacteria as a fraction of total bacteria (viable and nonviable) on the base and surface of the biofilm. Quantitative microscopy was performed using a laser-scanning confocal imaging system (Leica TCS SP8 AOBS; Leica Microsystems Heidelberg GmbH, Heidelberg, Germany). Image stacks were collected using FITC (490 nm excitation and 525 nm emission, green) and TRITC (557 excitation and 576 nm emission, red) beam path settings using a x 40 objective lens and 0.3-mm step size across the z-axis. Laser power and pinhole settings remained constant. Live/dead stain (0.02M SYTO 9, 0.06M propidium iodide; Moleculer Probes, Eugene, OR, USA) was used according to manufacturer instructions with volumes doubled for the Syto 9 staining. After coupons were imaged at three locations, disks were irrigated as described previously and then restained using identical parameters. Tile scans captured nine adjacent planes of the biofilm, forming a three-bythree grid measuring 1 mm 9 1 mm of biofilm surface. Biofilm mass was quantified using ImageJ (Version 1.45j; National Institute of Health, Bethesda, MD, USA; http:// rsb.info.nih.gov/ij). Viable and nonviable bacteria were identified by particles 15 to 100 pixels in area after segmentation with a manual threshold and application of watershed filters on the green (Syto9) and red (propidium iodide) channels, respectively.
Quantitative Culture
To quantify remaining viable biofilm after extended treatment with cefazolin, biofilms were cultured and exposed to cefazolin for 24 hours. Cobalt-chrome metal, PMMA, and polyethylene (ultrahigh-molecular-weight polyethylene) coupons were used for biofilm surfaces. After cefazolin exposure at 100 lg/mL, all coupons were gently washed three times in PBS and sonicated for 10 minutes in PBS with 1% Tween 20. The sonicate was centrifuged (3200 RPM, 10 minutes). The supernatant was removed, and bacterial pellets were resuspended in 1 mL PBS. Drop assays were performed on blood agar plates to determine colony-forming units of S aureus [8] .
Remaining viable biofilm mass was then quantified using multiple antibiotics and multiple species of S aureus. Three strains of S aureus (ATCC 29213, USA300 FPR3757, and SH1000) were cultured using the biofilm model as described previously. Each strain was exposed to greater than 10 9 MIC for three different antibiotics (cefazolin, 10 lg/mL; gentamycin, 50 lg/mL; vancomycin, 20 lg/mL) for 24 hours. USA300 FPR3757 was not exposed to cefazolin because the strain is a methicillin-resistant S aureus strain. All coupons were washed three times in PBS and sonicated for 10 minutes in PBS with 1% Tween 20. Sonicate was centrifuged (3200 RPM, 10 minutes). The supernatant was removed, and bacterial pellets were resuspended in 1 mL PBS. Drop assays were performed on blood agar plates to determine colony-forming units of S aureus [8] .
Minimum Inhibitory Concentration
To determine if cefazolin resistance was phenotypic or genotypic, MIC was measured after increasing doses of cefazolin. The biofilm model with increasing doses of cefazolin for 3 hours as described previously was used. After exposure to cefazolin for 3 hours, cobalt-chrome coupons were washed three times in PBS and placed in tryptic soy broth for 24 hours. MIC was then determined by cefazolin E-test strips as described by the manufacturer protocol (Biomerieux, Craponne, France) [5] .
Toxin-antitoxin Expression
To assess possible toxin-antitoxin expression after antibiotic stress, biofilm was cultured as described previously on cobalt-chrome coupons. Planktonic bacteria for comparison were collected from the same culture system as the biofilm. Cells were lysed using 0.1-mm zirconia/silica beads and a bead beater (Biospec, Bartlesville, OK, USA) and total RNA was isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany) [21] . Quantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR) was performed to analyze expression of yoeB. Reactions were performed in duplicate for each strain/primer pair following instructions for the Power SYBR 1 Green RNA-to-C T TM 1-Step kit (Life Technologies, Carlsbad, CA, USA) using 100 ng of total RNA as the template. Primers were annealed at 60°C, and data were normalized against the housekeeping gene rrsA. The specificity of qRT-PCR primers was verified through standard PCR, and fold changes were calculated using the 2 ÀDDCT formula [18] .
Statistical Analysis
Data are expressed as a mean ± SD except where noted. All statistical tests were completed using R (R Core Development Team, www.r-project.org). Direct comparisons between two populations were made using an unpaired Student's t-test. Multiple group comparisons were made using one-way and two-way analysis of variance where appropriate. In both cases, significance levels were determined using the Tukey post hoc analysis for pairwise comparison. Statistical significance was determined if p \ 0.05 unless otherwise noted.
Results
Antibiotics were unable to eliminate abiotic biofilm mass. After 3 hours of cefazolin exposure, live biofilm mass was reduced when compared with biofilm mass in controls (39.2 9 10 3 ± 26.4 9 10 3 pixels), where the level after 0.5 lg/mL exposure also showed reduced mass (20.3 9 10 3 ± 11.9 9 10 3 pixels); no further reduction was seen after higher doses (mass at 1.0 lg/mL: 5.0 9 10 3 pixels ± 1.1 9 10 3 pixels; at 10.0 lg/mL: 6.4 9 10 3 ± 9.6 9 10 3 pixels; at 100.0 lg/mL: 6.4 9 10 3 ± 3.9 9 10 3 pixels; Fig. 1A ; Table 1 ). Exposure to 1.0 lg/mL, 10.0 lg/mL, and 100.0 lg/mL all resulted in reduction in biofilm mass compared with controls (mean difference: À34.2 9 10 3 [confidence interval {CI}, À26.7 9 10 3 to À11.2 9 10 3 ], p \ 0.001; mean difference: À32.8 9 10 3 [CI, À40.1 9 10 3 to À25.2 9 10 3 ], p \ 0.001; mean difference: À32.7 9 10 3 [CI, À39.4 9 10 3 to À25.9 9 10 3 ], p \ 0.001, respectively). However, levels above 1.0 lg/mL produced no additional reduction in biofilm mass (10.0 lg/ mL versus 1.0 lg/mL mean difference: mean difference: 1.3 9 10 3 [CI, À8.2 9 10 3 to 10.8 9 10 3 ], p = 0.995; 100.0 lg/mL versus 1.0 lg/mL mean difference: 1.5 9 10 3 [CI, À7.3 9 10 3 to 10.3 9 10 3 ], p = 0.990; Table 2 ). These differences could be directly observed on confocal microscopy images between control and the highest cefazolin dose tested, 100.0 lg/mL ( Fig. 1B-C) . At 24 hours and the highest concentration of cefazolin tested (100 lg/ mL), residual viable biofilm was present on all three materials, and there were no differences in percent biofilm survival among cobalt-chromium (18.5% ± 15.1%), PMMA (22.8% ± 20.2%), and highly crosslinked polyethylene (14.7% ± 10.4%). One-way analysis of variance showed no difference among the means of all three groups (p = 0.679; Fig. 1D ; Table 3 ). At 24 hours, residual biofilm of three different S aureus strains (ATCC 29213, SH1000, USA 300) remained on material after individual treatment with multiple antibiotics at a dose of greater than 10 9 MIC for all three strains (cefazolin, 10 lg/mL; gentamicin, 50 lg/mL; vancomycin, 20 lg/mL; Fig. 1E ; Table 4 ).
We found that tolerance was a phenotypic phenomenon, because increasing cefazolin exposure did not result in changes in MIC as compared with controls (MIC in controls: 0.13 ± 0.021; at 0.5 lg/mL: 0.13 ± 0.001, mean difference to controls: À.0072 [CI, À0.037 to 0.023], p = 0.960; at 1.0 lg/mL: 0.14 ± 0.040, mean difference to controls: 0.0075 [CI, À0.023 to 0.038], p = 0.952; at 10.0 lg/mL: 0.11 ± 0.016, mean difference to controls: À0.018 [CI, À0.048 to 0.012], p = 0.472; at 100.0 lg/mL: 0.94 ± 0.047, mean difference to controls: À0.017 [CI, À0.047 to 0.013], p = 0.472; Fig. 2 ; Table 5 ). Small colony variant morphology was not observed after exposure to antibiotics.
Biofilm antibiotic tolerance was not a function of the depth of the biofilm (base viability at 0 lg/mL: 0.90 ± 0.08; 0.5 lg/mL: 0.49 ± 0.11; 1.0 lg/mL: 0.45 ± 0.31; 10.0 lg/mL: 0.52 ± 0.15; 100.0 lg/mL: 0.40 ± 0.29 and surface viability at 0 lg/mL: 0.87 ± 0.31; 0.5 lg/mL: 0.67 ± 0.24; 1.0 lg/mL: 0.31 ± 0.23; 10.0 lg/mL: 0.45 ± 0.15; 100.0 lg/mL: 0.30 ± 0.29; Fig. 3 ; Table 6 ). There was no statistically significant difference between viability at the surface verses base of the biofilm (mean difference: À0.0089 [CI, À0.116 to 0.098], p = 0.868).
Expression of the toxin-antitoxin system, yoeB, is associated with antibiotic stress. Expression of yoeB is induced after 1 lg/mL cefazolin for 3 hours in biofilm as compared with planktonic cells and repressed in the absence of cefazolin as measured by change in cycling threshold values (biofilm: À5.96 ± 1.62, 62.34-fold 0.5 20.3 9 10 3 (11.9 9 10 3 ) 1 5.0 9 10 3 (1.1 9 10 3 ) 10 6.4 9 10 3 (9.6 9 10 3 ) 100 6.4 9 10 3 (3.9 9 10 3 ) Table 2 . Differences in means between Staphylococcus aureus viable biofilm mass at increasing doses of cefazolin after 3 hours of treatment Group (lg/mL) Mean difference (95% CI) p value 0.5-0 À1.9 9 10 4 (À2.7 9 10 4 , À1.1 9 10 4 ) \ 0.001 1-0 À3.4 9 10 4 (À4.3 9 10 4 , À2.5 9 10 4 ) \ 0.001 10-0 À3.3 9 10 4 (À4.0 9 10 4 , À2.5 9 10 4 ) \ 0.001 100-0 À3.3 9 10 4 (À4.0 9 10 4 , À2.5 9 10 4 ) \ 0.001 1-0.5 À1.5 9 10 4 (À2.5 9 10 4 , À5.6 9 10 4 ) \ 0.001 10-0.5 À1.4 9 10 4 (À2.2 9 10 4 , À5.6 9 10 4 ) \ 0.001 100-0.5 À3.4 9 10 4 (À2.1 9 10 4 , À6.3 9 10 4 ) \ 0.001 10-1 1.4 9 10 4 (À8.2 9 10 4 , 1.1 9 10 4 ) 0.995 100-1 1.5 9 10 4 (À7.3 9 10 4 , 1.0 9 10 4 ) 0.990 100-10 1.4 9 10 4 (À7.2 9 10 4 , 7.5 9 10 4 ) 1.000 CI = confidence interval. change; planktonic cells: 6.30 ± 0.63, À78.8-fold change; p \ 0.001).
Discussion
Single-stage irrigation and débridement with component retention has a high failure rate. This approach uses two separate strategies of pulse lavage to débride the bulk of the biofilm and long-term antibiotics to eradicate any remaining bacteria. Here, we questioned if the second approach in irrigation and débridement, antibiotics, is capable of eliminating biofilm in vitro. This study has several limitations. Caution should be used when extrapolating these results to a clinical scenario. The glycocalyx structure of biofilm in vivo is likely to have a different composition as compared with biofilm cultured in vitro [6] . Furthermore, in a clinical setting antibiotic delivery occurs in cyclic episodes as compared with a consistent and constant level in vitro. Second, we used a limited number of S aureus strains with four common antibiotics. Finally, antibiotics may not reach all surfaces of the implant as compared with in vitro. There is evidence that S aureus can invade host cells, and it is possible that intracellular survival of the bacteria in the host may be advantageous in avoiding host defense and some types of antibiotics [10] . There is no clinical evidence validating or disproving this hypothesis, and it remains a subject of intense debate. Future work with a PJI animal model using multiple clinical strains will further verify these results.
S aureus biofilms cultured on TKA materials remain surprisingly tolerant to antibiotics. After doses above 1 lg/ mL, slightly lower than an approximate clinical value [13, 17, 25, 26, 31] , no further increase in bacterial death was observed. Surprisingly, even after 24 hours in supratherapeutic levels, cefazolin was unable to eliminate the biofilm beyond one to two orders of magnitude. Similar results were observed using multiple types of antibiotic with different strains of S aureus. This provides insight into the high failure rate of irrigation and débridement with antibiotic therapy.
The tolerance was a phenotypic behavior and not a genetic alteration. When placed in fresh culture media, surviving bacteria had an identical MIC as controls. These results are not unexpected. From a clinical microbiology perspective, an MIC between two strains is considered similar when they are within one doubling. The antibiotic tolerance was not from limited diffusion of antibiotic through the biofilm. It has been hypothesized that mass transport limitations of the biofilm extracellular matrix prevent some antibiotics from penetrating the biofilm. In our experiments, confocal microscopy demonstrated that there were no statistically significant differences in bacteria viability at the surface as compared with the base of the biofilm. This suggests that the glycocalyx was not inhibiting diffusion of the antibiotic to the point of providing protection at the base of the biofilm. These results correlate with other models that demonstrate limited restriction in solubilized molecules [24, 28] .
We demonstrate that the putative toxin-antitoxin system locus, yefM-yoeB, is repressed in unstressed biofilm cultures but induced after exposure of these biofilms to the antibiotic cefazolin. There is growing evidence that toxinantitoxin systems are important regulators of the bacterial persistence phenotype of high antibiotic tolerance [30] . Toxin-antitoxin systems are highly redundant. In Mycobacterium tuberculosis, more than 79 different toxinantitoxin systems have been identified [22] . We investigated one possible system, yoeB, in S aureus, but many others likely exist.
Biofilm has a surprisingly high tolerance to antibiotic on TKA materials, and this tolerance appears to be related, in part, to bacterial persisters. Two strategies are used in irrigation and débridement in PJI; biofilm is débrided secondary to the shear force during irrigation or physically surgically débrided and, in theory, any remaining biofilm is eradicated with antibiotics. Multiple groups have demonstrated that although biofilm is débrided, a substantial volume remains after irrigation [27, 29] . Here, we demonstrate that antibiotics are unable to eliminate biofilm. The combined difficulty or removing biofilm with both of these methods provides a mechanism for the high failure rates of irrigation and débridement in PJI. 
